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Abstract 
Tough biodegradable films were prepared using a poly(vinyl alcohol) 
(PVA)/poly(vinyl pyrrolidone) (PVP) (1:1) blend with plasticizers of glycerol, sorbitol and 
their (one to one) mixture. We studied the effect of plasticization on the structural, thermal 
and mechanical properties of the PVA/PVP blend films. FTIR spectra indicated good 
miscibility of the two components due to the H-bonding between the PVA and PVP 
molecules. The addition of plasticizers reduced the interaction between PVA and PVP, 
evidenced by an increase in the intensity of PVA diffraction peaks observed in the X-ray 
diffraction (XRD) characterization. Thermal degradation of the blends increased as a function 
of the plasticizer used. Glycerol affected thermal degradation more than sorbitol and the 
mixtures. The incorporation of the plasticizers promoted the growth of PVA crystals as 
evidenced by XRD patterns and the enthalpy of fusion (Hf) obtained by DSC measurements. 
The introduction of sorbitol to the binary blend increased toughness seven times and imparted 
simultaneous and pronounced improvements to maximum tensile stress and elongation at 
break. This behavior holds out great promise for the development of a new generation of 
mechanically robust, yet thoroughly biodegradable materials that could effectively supplant 
conventional polymers in demanding applications.   
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1. Introduction 
It is well-known that a large percentage of the waste material in landfill is made up of 
plastics that will remain on sites for decades. Relief of landfill use and overall environmental 
impact is offered by biodegradable polymers, which are prone to physical decomposition via 
hydrolytic and enzymatic routes.1 Biodegradable polymers can be derived from natural 
products such as starch and cellulose2 or can be synthetic in nature, for example 
poly(lactides) and poly(glycolides).3 The major challenge that prevents their widespread use 
in a variety of applications stems from their relatively weak mechanical properties. Therefore, 
systematic efforts have been directed towards the improvement of these properties of 
biodegradable polymers.4-7 
Poly(vinyl alcohol) (PVA) is a major artificial polymer that has been available for 
more than nine decades.8 Non-toxic, water-soluble and biodegradable, PVA is used 
industrially in textiles, paper coating, and food packaging,9,10 and also in the production of 
biodegradable film.11 It is a hydrophilic semi-crystalline polymer produced from the 
hydrolysis of poly(vinyl acetate) and contains hydroxyl groups which can be a source of 
hydrogen bonding.12,13 
Poly(vinyl pyrrolidone) (PVP) is an amorphous,14 non-toxic and versatile polymer15 
with  a range of interesting properties. It is biodegradable and water soluble, has good 
environmental stability, is easily processed, moderately electrically conductive and has rich 
physics in charge transport mechanisms.16 PVP is widely used as an excipient for 
pharmaceutical and personal care products, and is employed as a reducing agent and a surface 
stabilizer for nanoparticle synthesis,17 and as an insulating material in thin film 
transistors.18,19 When PVA and PVP are mixed, the interaction between PVA and PVP is 
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expected to occur through inter-chain hydrogen bonding between hydroxyl groups of PVA 
and carbonyl groups of PVP.13,20  
Developers of new materials often turn to polymer blends to obtain the properties they 
desire.21 PVA/PVP blends have been explored for wound dressing applications,22 local nitric 
oxide release,23 and insulation purposes.24 PVA/PVP (1:1) blends showed good charge 
storage capacity and good sensitivity for dopant additions.16,25,26 Several researchers studied 
the properties of PVA/PVP blends doped with azo dyes,27 inorganic salts,28,29 and nano-
particles.25 A 4:1 blend of PVA/PVP doped with semiconducting  silver sulfide particles 
produced a small band-gap composite.25  
Plasticizers are low molecular weight, non-volatile compounds30 that impart 
flexibility to polymeric chains by weakening polymer-polymer intermolecular forces, and 
facilitating development of low density networks.7,31 They significantly influence the 
organization of the polymer chains,32 thus reducing the glass transition temperature (Tg) of 
polymers.33 In recent years, emphasis has been placed on the use of natural plasticizers such 
as glycerol4,34 and sorbitol7,35 that are non-toxic and resist migration.  
We studied the effect of glycerol (GLY), sorbitol (SOR), and a glycerol-sorbitol 
mixture (GLY-SOR) on the physical and mechanical properties of low and high degree of 
hydrolysis PVA and PVA/PVP (1:1) blend films prepared by a solution casting method. The 
films were characterized by FTIR, XRD, TGA, and DSC techniques. The physical and the 
mechanical properties of the pure PVA, PVA/PVP films, and those containing plasticizers 
were compared. 
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2. Experimental 
2.1 Materials 
Poly(vinyl alcohol) (PVA-l) (MW 90,000-110,000; 88 % hydrolysis; viscosity 30.1 
mPa s; The Nippon Synthetic Chemical Industry Co., LTD.), PVA-h (MW 89,000-90,000; 99 
% hydrolysis; Aldrich), poly(vinyl pyrrolidone) (PVP) (MW 40,000; Fluka), glycerol 
(Sigma-Aldrich) and sorbitol (Ajax)  were used as received.   
2.2 Preparation of the films 
 A series of PVA, PVP, PVA/PVP, and PVA/PVP/plasticizer films were prepared by 
a solution casting method using the various compositions listed in Table 1. As an example, 
one PVA/PVP/plasticizer blend was prepared by dissolving 5 g of PVA and 5 g of PVP in 
100 mL of water under stirring at 95 C. After the dissolution of the polymers, plasticizer was 
added and the mixture was stirred for 30 min. The solution was filtered through a kitchen 
sieve onto a polystyrene plate to get rid of bubbles and remove small amounts of undissolved 
low-hydrolysis PVA, and left overnight at room temperature. The solution was dried in an 
oven at 60 C for 24 h. An unplasticized PVP sample turned out to be brittle and broke into 
pieces after removal from the oven. Therefore, the stress-strain of this sample was not 
studied.  
 
Table 1 Composition of the PVA/PVP blend films. 
Sample PVA (g) PVP (g) glycerol (g) sorbitol (g) water (mL) 
PVA 10 0 0 0 100 
PVP 0 10 0 0 100 
PVA/PVP 5 5 0 0 100 
PVA/PVP/GLY 5 5 3 0 100 
PVA/PVP/SOR 5 5 0 3 100 
PVA/PVP/GLY-SOR 5 5 1.5 1.5 100 
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2.3 Characterization of the films 
The FTIR spectra of the films were recorded on a Bruker Tensor 27 Fourier transform 
infrared spectrometer using the attenuated total reflectance in the frequency range of 600 to 
4000 cm-1. The films were kept in a desiccator prior to testing. For each spectrum, 64 
consecutive scans were recorded with a resolution of 4 cm-1.      
X-ray diffraction (XRD) studies of the samples were carried out using a Phillips 
diffractometer (Model X’Pert MDI) with a scanning rate of 3 /min with CuK radiation ( = 
1.5410 Å) operating at 40 kV and 30 mA. The scanning range of 2 was from 5 to 90.   
The thermal decomposition temperature of the films was determined using a Perkin 
Elmer STA8000. The thermogravimetric analysis (TGA) was performed at a heating rate of 
10 C min-1 from 30 to 600 C under a nitrogen atmosphere.  
Thermal properties of the films were characterized by differential scanning 
calorimetry (DSC) using NETZSCH apparatus (DSC 200F3). The films were kept in a 
desiccator prior to testing. The sample, in an aluminum pan, was initially cooled to 0 C and 
then heated to 250 C. Then, the sample was cooled from 250 to 0 C and heated again from 
0 to 250 C at a cooling and heating rate of 10 C min-1  
2.4 Mechanical testing 
The specimens were cut according to ASTM D638-03, Type V (width = 3.18 mm, 
distance between grip = 25 mm). Determination of the mechanical properties of the films was 
carried out with a Universal Testing Machine (Instron 3365) equipped with a 100 N load cell 
and operated at a cross-head speed of 20 mm/min. The samples were equilibrated for 7 days 
at room temperature and 75 % RH before testing. The measurements were taken at 25 C and 
twelve specimens were determined per formulation.    
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3. Results and discussion 
3.1 Structural of the films 
The FTIR spectra of PVP, PVA, pure PVA/PVP, PVA/PVP/GLY, PVA/PVP/SOR, 
and PVA/PVP/GLY-SOR are shown in Figure 1. The peak assignments of the films are listed 
in Tables S1 and S2 in the Supporting Information.  
  
Figure 1. FTIR spectra for (a) PVA-l, pure PVA-l/PVP, PVA-l/PVP/plasticizer, and PVP and 
(b) PVA-h, pure PVA-h/PVP, PVA-h/PVP/plasticizer, and PVP films as indicated. 
 
For PVP, the peaks located at 3446, 2950/2920, 1651 and 1284, and 1017 cm-1, are 
attributed to the stretching vibration of OH,15,17,36 the CH2 stretching vibration,17 the C=O 
vibration,36,37 and the CN vibration,17,38 respectively.  
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Regarding PVA-l, the peaks at 3283, 2939/2911, and 1732 cm-1 are attributed to the 
stretching vibration of OH,4,39,40 the CH2 asymmetric and symmetric stretching,39 and the 
C=O stretching,40 respectively. 
The pure PVA-l/PVP blend film showed peaks located at 3304, 2938/2917, 1733 and 
1289 cm-1. Interestingly, in this system, the stretching vibration of –OH shifted to 3304 cm-1 
due to the formation of hydrogen bonding between carbonyl groups of PVP and hydroxyl 
groups of PVA-l, indicating the improved miscibility of the two components at the molecular 
level.15 The addition of plasticizers to the blends partially reversed the shifting probably due 
to weakening of the hydrogen bonding between the PVA and PVP. The –OH peak, in cases 
of PVA-h/PVP based blends, had the same wave number around 3291 cm-1, except in the 
case of the PVA-h/PVP/GLY-SOR film.  
3.2 X-ray diffraction analysis 
The X-ray diffraction patterns of PVA-l, pure PVA-l/PVP, PVA-l/PVP/plasticizer 
films and PVP, and PVA-h, pure PVA-PVP, PVA-h/PVP/plasticizer films, and PVP are 
shown in Figures 2a and b, respectively. The diffraction peaks of PVA-l and PVA-h are 
located at 2  19.3 corresponding to orthorhombic (110) reflection28 and 40.6, and are 
ascribed to the semi-crystalline nature of pure PVA.4,25,40 PVA-h exhibited a clearly defined 
peak at 2  40.6. The crystallinity of PVA arises from the strong intermolecular and 
intramolecular hydrogen bonding between polymer chains.41,42 The broad peaks in the 
diffraction pattern of PVP suggest that there is no diffraction and no long-range three- 
dimensional molecular order.43 The absence of these characteristics is indicative of an 
amorphous compound.13,43,44 
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Figure 2. XRD patterns of (a) PVA-l film, pure PVA-l/PVP film, PVA-l/PVP/plasticizer 
films, and PVP and (b) PVA-h film, pure PVA-h/PVP film, PVP-h/PVP/plasticizer film, and 
PVP as indicated. 
 
The incorporation of PVP in PVA for pure PVA-l/PVP and PVA-h/PVP produced a 
diffraction peak at about 2  20.1 with lower sharpness and intensity compared to those of 
PVA-l and PVA-h. The peaks exhibited by pure PVA at 2  19.3 and 40.6 nearly vanished 
for PVA/PVP blends due to the high amorphous fraction in the PVA and PVP blends.25    
The XRD patterns of PVA/PVP with added plasticizers exhibited shifted peaks at 2 
 19.3,45 a reduced peak intensity at 2   40.6, and a significant increase in the intensity of 
the diffraction peak at 2 19.3. The increased intensity indicated the plasticizing effect due 
to the insertion of plasticizer molecules among the polymer chains, which reduced the 
interaction between PVA and PVP chains.  
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3.3 Thermal behavior 
3.3.1 Thermogravimetric analysis  
The TGA and DTG curves of PVP, PVA-l, pure PVA-l/PVP, PVA-l/PVP/plasticizer, 
PVA-h, pure PVA-h/PVP, and PVA-h/PVP/plasticizer films are shown in Figures 3a-b and 
3c-d, respectively. The mass loss at 200 C and residual weight are listed in Table 2. 
 
  
 
Figure 3. TGA thermograms of (a) PVP, PVA-l, pure PVA-l/PVP, and PVA-
l/PVP/plasticizer and (b) PVP, PVA-h, pure PVA-h/PVP, and PVA-h/PVP/plasticizer films 
and their DTG thermograms in (c) and (d) as indicated. 
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Table 2 Results of TGA studies of PVP, PVA-l, pure PVA-l/PVP, PVA-l/PVP/plasticizer, 
PVA-h, pure PVP-h/PVP, and PVA-h/PVP/plasticizer films. 
Sample Mass loss at 200 C (%) Residual (%) 
PVP 7.01 5.61 
PVA-l 3.98 6.70 
PVA-h 6.31 5.24 
PVA-l/PVP 9.93 4.58 
PVA-l/PVP/GLY 17.28 3.28 
PVA-l/PVP/SOR 8.21 3.98 
PVA-l/PVP/GLY-SOR 10.68 4.39 
PVA-h/PVP 7.66 6.10 
PVA-h/PVP/GLY 15.37 3.68 
PVA-h/PVP/SOR 9.87 3.08 
PVA-h/PVP/GLY-SOR 13.45 3.29 
 
In the pure PVA-l/PVP blend, the mass loss occurred in three stages: at T  100 C, 
arising from loss of water; at T  325 C, arising from the elimination of water from PVA; 
and at T  435 C, arising from the pyrolysis of the residue into a carbonaceous product.46 
In the PVA-l/PVP blends, the mass loss occurred at four stages depending on the 
plasticizer added: the loss of water at T  100 C, the degradation of glycerol at T  210 C,47 
the degradation of sorbitol at T  323 C,48 and the thermal degradation of the polymers at T 
 327 C and 433 C. Pure PVA-h/PVP films showed similar mass losses to pure PVA-l/PVP 
films.  
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The plasticizers caused an increase of mass loss at 200 C, especially considerable 
when glycerol was added. This effect indicated that glycerol-plasticized PVA/PVP films have 
higher moisture contents than sorbitol-plasticized PVA/PVP films.49 The blends plasticized 
with sorbitol had higher resistance than those plasticized with glycerol and glycerol-sorbitol. 
The greatest effect on residual mass occurred with the addition of glycerol to PVA-l/PVP and 
sorbitol to PVA-h/PVP blend films, which respectively reduced the residual mass from 4.58 
to 3.28 % and from 6.10 to 3.08 %. 
3.3.2 Differential thermal analysis 
The DSC thermograms of PVP, PVA-l, pure PVA-l/PVP, PVA-l/PVP/plasticizer, and 
PVA-h, pure PVA-h/PVP, PVA-h/PVP/plasticizer films are shown in Figures 4a and b, 
respectively. Table 3 summarizes the data for all systems of Tg, Tm, calculated enthalpy of 
fusion (Hf), and degree of crystallinity (Xc), which was calculated using the following 
equation4:  
 
100)/( 0  WHHX ffc  
 
where Hf is the apparent enthalpy of fusion of PVA/PVP blend, W is the weight fraction of 
PVA in the blend, and 
0
fH is the enthalpy of fusion of 100 % crystalline PVA (141.932 
J/g).50 
 As expected, PVP displayed a Tg close to 159.5 C14 which was high because of the 
presence of the rigid pyrrolidone groups.26 PVA-l film exhibited Tg and Tm at 74.7 C and 
174.9 C and PVA-h exhibited Tg at 78.6 C and Tm at 229.4 oC. 
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Figure 4 DSC thermograms of (a) PVP, PVA-l, pure PVA-l/PVP, and PVA-l/PVP/plasticizer 
and (b) PVP, PVA-h, pure PVA-h/PVP, and PVA-h/PVP/plasticizer films as indicated.  
 
The DSC thermogram of pure PVA-l/PVP shows a single Tg at 104.6 C, indicating the 
good miscibility of the polymer blends,51 which was attributed to the interaction between the 
hydroxyl groups of PVA and the carbonyl groups of PVP.52 Interestingly, Tm and Hf were 
absent from the PVA-l/PVP blend, whereas the addition of PVP to PVA-h produced Tm and 
Hf  with reduced values. Pure PVA-h/PVP also shows a single Tg at 104.9 C, consistent 
with the miscibility of the polymeric components53, 54 and Tm at 208.3 C, much lower than 
pure PVA-h. It has been reported by Lewandowska that the miscibility of PVP in the lower 
degree of hydrolysis of PVA (88 %) was better than the miscibility in the higher degree (99% 
hydrolysis).52 Therefore, the miscibility of PVA-l/PVP was better than that of PVA-h/PVP 
due to the disappearance of the crystallinity of PVA-l after the incorporation of PVP. The 
miscibility of pure PVA-l/PVP and pure PVA-h/PVP were also studied using SEM and the 
images are shown in Figure S1 in the Supporting Information. The fracture surfaces of PVA-
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l/PVP and PVA-h PVP blend films showed no phase separation, indicating the good 
miscibility of the two polymers55 due to the hydrogen bonding between PVA and PVP 
chains.13,20  
 
Table 3. Glass transition (Tg), melting temperature (Tm), enthalpy of fusion (Hf) and degree 
of crystallinity (Xc) of PVP, PVA-l, pure PVA-l/PVP, PVA-l/PVP/plasticizer, PVA-h, pure 
PVP-h/PVP, and PVA-h/PVP/plasticizer films obtained from DSC. 
Sample   2nd heating scan Xc (%) 
Tg (C) Tm (C) Hf (J g-1) 
PVP 159.5 - - - 
PVA-l 74.7 174.9 20.34 14.33 
PVA-l/PVP 104.6 - - - 
PVA-l/PVP/GLY 36.1 156.2 9.22 13.00 
PVA-l/PVP/SOR 53.2 157.3 4.97 7.00 
PVA-l/PVP/GLY-SOR 44.6 156.2 5.15 7.25 
PVA-h 78.6 229.4 58.78 41.41 
PVA-h/PVP 104.9 208.3 8.43 11.88 
PVA-h/PVP/GLY 37.3 196.3 23.08 32.53 
PVA-h/PVP/SOR 44.6 200.3 18.55 26.13 
PVA-h/PVP/GLY-SOR 42.8 199.7 16.05 22.62 
 
The addition of plasticizers had a significant effect on the values of Tg, Tm, and Hf of 
the blends. The interspersion of plasticizer molecules between the polymer chains of PVA-l 
and PVP induced the crystallinity of the PVA-l phase that PVP had suppressed, and reduced 
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the miscibility between PVA-l and PVP, lowering the Tg temperatures and causing Tm to re-
appear. In the case of the PVA-h/PVP blends, the addition of the plasticizers reduced the 
values of Tg and Tm, but increased Hf, and the PVA-h blends overall showed higher values 
of Tm and Hf than the PVA-l blends. The addition of plasticizers in the PVA-h blends 
decreased Tm and Hf because the plasticizers induced the crystallinity of the PVA. 
Blending PVP with PVA-h reduced Xc to 12 % compared to 41% recorded for the pure 
PVA-h. However, this effect was partially reversed when the blends were plasticized with 
glycerol, sorbitol and their mixtures, which produced Xc close to 33, 26 and 23%, 
respectively. In general lines, those observations are consistent with the XRD data (Figure 2) 
that indicate a sharp, but weak diffraction peak at 2  19.3 for the PVA-h/PVP blend (the 
amorphous halo at lower 2theta corresponds to PVP).45 However, the addition of the 
plasticizers to the PVA-h/PVP blend significantly increased the intensity of the diffraction 
peak, in response to the higher degree of crystallinity. Similar trends can be seen on the XRD 
spectra of the PVA-l/PVP based blends.  
3.3 Mechanical properties 
Figures 5a and b compare the stress-strain curves obtained for PVA-l, pure PVA-
l/PVP, and its blends with plasticizers and PVA-h and PVA-h/PVP systems, respectively.  
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Figure 5. Stress-stain curves of (a) PVA-l, pure PVA-l/PVP, and PVP-l/PVP/plasticizer and 
(b) PVA-h, pure PVA-h/PVP, and PVA-h/PVP/plasticizer films as indicated. The insets in (a) 
and (b) are derived from pure PVA-l/PVP and pure PVA-h/PVP, respectively. 
 
The mechanical properties of all the systems are shown in Table 4. The results showed 
that the plasticizers had a significant effect on the mechanical properties of the blends. The 
elongation at break increased with the addition of plasticizers because the plasticizers reduced 
the interactions between the polymer chains. This resulted in the reduction of the elastic 
modulus. This effect on plasticizing could be attributed to polymer-plasticizer interactions 
between the small molecules and the hydroxyl groups that hindered polymer-polymer 
interaction.34 Since the molar mass of glycerol is lower than that of sorbitol, the embedding 
of glycerol within the PVA and PVP matrix increased free volume leading to lower Tg and 
Tm. 
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Table 4. Tensile strength (TS), elongation at break (EB), Young’s modulus (E), and 
toughness of PVA-l, PVA-l/PVP, PVA-h, and PVA-h/PVP films with and without 
plasticizers. 
Sample TS (MPa) EB (%) E (MPa) Toughness  
(104 J m-3) 
PVA-l 11.73+1.82 105+13 8.51+1.60 949+162 
PVA-l/PVP 4.81+1.20 74+21 6.82+0.95 411+120 
PVA-l/PVP/GLY 5.29+0.85 782+34 0.05+0.01 2558+247 
PVA-l/PVP/SOR 8.45+1.25 526+48 0.52+0.12 2844+581 
PVA-l/PVP/GLY-SOR 6.30+0.52 733+53 0.08+0.02 2418+206 
PVA-h 24.42+4.27 231+41 4.59+1.47 4311+730 
PVA-h/PVP 4.26+1.28 92+20 6.24+0.94 426+92 
PVA-h/PVP/GLY 4.18+0.62 324+67 0.17+0.04 946+163 
PVA-h/PVP/SOR 11.39+1.14 318+31 1.47+0.20 2511+475 
PVA-h/PVP/GLY-SOR 9.84+1.42 393+39 0.56+0.09 2598+277 
 
The introduction of glycerol, sorbitol, and their mixtures to the PVA-l/PVP blends 
improved the binary blend’s tensile strength from 4.8 MPa to 5.3, 8.5, and 6.3 MPa, 
respectively. Simultaneously, the elongation at break increased considerably, which resulted 
in plasticized materials with a toughness of up to 7 times that of the binary blend. Similar 
trends were observed in the PVA-h/PVP blends, that yielded plasticized materials with 
toughness increased by factors of 2 (glycerol) and 6 (sorbitol and glycerol/sorbitol mixture). 
We note that in both types of blends sorbitol improved of tensile strength more effectively. 
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4 Conclusions 
We prepared super-tough polymer blends solely based on the biodegradable 
components PVA and PVP that were plasticized by natural molecules from glycerol and 
sorbitol. The introduction of sorbitol enhanced the crystallinity of the PVA/PVP blends and 
thereby improved their mechanical properties, without compromising their thermal stability. 
The structural, physical, and mechanical properties of the PVA/PVP blends were well 
correlated as a function of their plasticizers. This study highlighted an effective strategy 
towards the development of a new generation of polymeric blends that perform 
outstandingly, yet remain thoroughly biodegradable, and could effectively supplant existing 
materials in demanding applications.  
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